


NASA TM X-1074 

INFRARED ASTRONOMY REVIEW 

for the 

Astronomy Subcommittee 

of the National Aeronautics and Space Administration 

By Gordon C. Augason, Ames Research Center,  
and Hyron Spinrad, Jet Propulsion Laboratory 

I 

Ames Research Center 
Moffett Field, Calif. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sole by the Off ice of Technical  Services, Department of Commerce, 
Washington, D.C. 20230 -- Pr ice  $1.00 



INFRARED ASTRONOMY REVIEW 

f o r  t h e  

Astronomy Subcommittee 

of t h e  Nat iona l  Aeronautics and Space Administration 

By Gordon C .  Augason, Ames Research Center 
and Hyron Spinrad, Je t  Propulsion Laboratory 

Ames Research Center 
Moffet t  F ie ld ,  C a l i f .  

SUMMARY 

This review descr ibes  r ecen t  research  t h a t  has been done i n  t h e  f i e l d  of 
i n f r a r e d  astronomy, wi th  t h e  main emphasis being p laced  on observat ions from 
t h e  ground. Considerable progress  has been made by means of photometry i n  
t h e  atmospheric windows bu t  spectroscopy has been hindered by t h e  gene ra l ly  
s m a l l  amount of energy ava i l ab le  i n  t h i s  s p e c t r a l  reg ion  and by atmospheric 
i n t e r f e r e n c e .  Before t h e  f u l l  p o t e n t i a l  of ground based s t u d i e s  can be 
r ea l i zed ,  it may be  necessary t o  f i n d  observing s i tes  be t te r  s u i t e d  t o  i n f r a -  
r e d  astronomy than those used i n  the  p a s t .  I n  order  t o  choose be t t e r  s i t e s  
it appears t o  be e s s e n t i a l  t h a t  t he  cause of a low frequency noise  which 
i n t e r f e r e s  wi th  i n f r a r e d  observat ions be  determined. It i s  p r e s e n t l y  
be l i eved  t h a t  t h i s  no i se  o r i g i n a t e s  i n  the  atmosphere. The e f f ec t iveness  of 
observa t ions  from ba l loons  has not  yet been demonstrated. It appears t h a t  a 
v i t a l  a r ea  of i n f r a r e d  astronomy from t h e  ground i s  sky mapping. 

INTRODUCTION 

A t  t h e  August 23-24, 1962 meeting of t h e  NASA Astronomy Subcommittee a 
sub-subcommittee w a s  formed t o  review the  sub jec t  of i n f r a r e d  astronomy. 
committee members designated were Hyron Spinrad, JPL, Gordon Augason, ARC, 
and James Dozier, MSFC. Because of o ther  commitments, James B .  Dozier w a s  
unable  t o  p a r t i c i p a t e  i n  t h e  wr i t i ng  of  the review. 
w a s  t o  determine t h e  p re sen t  state of development of i n f r a r e d  astronomy and 
t o  r e p o r t  on t h i s  subjec t ,  i n  order  that  t h e  Astronomy Subcommittee could 
b e t t e r  assess p o s s i b l e  app l i ca t ions  of space techniques t o  t h i s  f i e l d .  I n  
order  t o  determine t h e  information required,  sub -subcommittee members con- 
t a c t e d  Gerard P .  Kuiper, Harold Johnson, W i l l i a m  Sinton,  Bruce Murray, 
R u s s e l l  Walker, Freeman Hal l ,  Martin H a r w i t ,  John Strong, and Walter Mi tche l l .  
A l l  were very  generous w i t h  t h e i r  t i m e  and were very  h e l p f u l  i n  explaining 
their  p re sen t  research  programs as we l l  as o u t l i n i n g  t h e i r  f u t u r e  p l ans .  

The 

The purpose of t h e  review 



GROUND ASTRONOMICAL OBSERVATIONS 1 
i 

Infrared observations of astronomical objects are difficult because of 
the generally small amounts of energy which objects radiate in this region; 
and, if such observations are made from the Earth, they are limited by the 
spectral transmission of the Earth's atmosphere. The energy restriction has 
been lessened somewhat by the development of relatively sensitive detectors 
for military applications. The increase in sensitivity of detectors, however, 

sophisticated electronic equipment. Also the detectors are often quite 
unstable and require a good deal oi familiarization with their characteristics 
for the results to be useful. The limitation in transmission by the Earth's 
atmosphere is due mainly to the absorption of infrared radiation by H20, COZY 
COY 03, N20, and CH4. Approximately 50 percent of the spectral region from 
1 to 13 p consists of windows with atmospheric transmissions greater than 
50 percent. Beyond 1-3 p the atmosphere is largely opaque. Much useful work 
can be done in these window regions. It will be the purpose of the first part 
of the report to describe some of the work being done and planned in these 
spectral regions. 1 
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has been accompanied by requirements for complicated cryogenic devices and I 

1 
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Although spectral windows do exist in the atmosphere, observations in 
these regions are not as free from atmospheric effects as one would suppose 
from examining an atmospheric transmission chart. Besides minor absorption 
bands that exist in the windows, observers report sky noise which is detri- 
mental to observations. Although the mechanism of this noise is not fully 
understood, it may be due to small masses of water vapor high in the atmos- 
phere which radiate or absorb in the infrared. An idea of the size of these 
masses may be obtained from the frequency of the noise fluctuations which 
appear to be of the order 0.1 cps. Another source of interference with 
ground-based observations is that of nightglow radiation of OH. Although 
these bands extend from 0.6 to 6 p, their greatest intensity is found in the 
region from 1.5 to 4 IJ. (Meinel, 1950a, b, e ) .  F. E. Roach (1959) has stated 
that, "The OH bands are intrinsically so strong that, if they were concen- 
trated in the visual region of the spectrum,they would be as bright as a 
prominent aurora and would constitute a permanent twilight." Between 5 and 
1-7 p emission by the water vapor in the Earth's atmosphere becomes a serious 
limitation to astronomical observation. The intensity of the radiation 
depends on the altitude of the observer, meteorological conditions and zenith 
angle of observation, but it may be many times greater than that from astro- 
nomical objects (Eell, et al., 1960). Figure 1 shnws t h c  zppi-oxlrriate ioca- 
tion of the windows with the regions of emission indicated. 

Lunar and Planetary Laboratory (LPL), 
University of Arizona 

The Lunar arid Plnrietary Laboratory at the University of Arizona has 
begun an extensive program to do infrared photometry and spectroscopy from 
the ground. The work has been done under the direction of Gerard P. Kuiper 
(1964) and Harold L. Johnson (1962). Most of their observations 



.v ' (approximately 80 pe rcen t )  have been made a t  McDonald Observatory on the  
82-inch te lescope.  
28-inch te lescope  i n  the  Catal ina Mountains have a l s o  been used. 
t o  continue t h e i r  s t u d i e s  on a 60-inch te lescope when it i s  loca ted  on 
Mount Lemon. Considerable thought by members af t h e  labora tory  has been 
given t o  t h e  requirements of an i d e a l  in f ra red  observatory.  
which may have near  i d e a l  seeing f o r  v i s i b l e  observations may be very poorly 
s u i t e d  t o  i n f r a r e d  observat ions.  Two aspects  assoc ia ted  with atmospheric 
i n t e r f e rence  must be considered when an observing s i t e  i s  being chosen: (1) 
i n f r a r e d  atmospheric noise;  and(;!) atmospheric absorpt ion and emission. A t  
t h e  p re sen t  time t h e  source of atmospheric noise i s  so poorly understood t h a t  
a g r e a t  d e a l  of s tudy w i l l  be required t o  determine t h e  c o r r e l a t i o n  between 
s i t e  l oca t ion  and noise .  For instance,  it i s  no t  known a t  t h i s  time a t  what 
e l eva t ion  t h i s  noise  o r ig ina t e s .  One of the  most obvious ways of reducing 
atmospheric absorpt ion and emission i s  t o  loca te  an observatory as high as 
poss ib l e .  
phere as w e l l  as reduce the  width of absorpt ion l i n e s  by reducing pressure  
broadening. Also t o  be considered a r e  meteorological e f f e c t s  such as the  
source of t he  p reva i l i ng  a i r  mass i n  the  observing l o c a l i t y .  For instance,  
a s i t e  loca ted  i n  a normally s t a t i o n a r y  high-pressure a rea  which i s  fed  by 
cold polar a i r  w i l l  genera l ly  be l e s s  humid than o ther  l oca t ions .  

The 36-inch te lescope a t  K i t t  Peak and more r ecen t ly  the  
They p l an  

An observatory 

This w i l l  reduce t h e  amount of absorbing substance i n  the  atmos- 

I n  t h e i r  p u r s u i t  of an i d e a l  i n f r a red  observing s i t e ,  members of t h e  
staff of LPL have conducted extensive s i t e  surveys i n  H a w a i i  and Arizona. 
S i t e s  a t  Haleakala (10,000 f e e t )  and Mauna Loa and Mauna Kea (13,000 f e e t )  
were found t o  provide except iona l  seeing. M t .  Agassiz, which i s  about 
15 miles  nor th  of F lags t a f f ,  Arizona, appears i n  wintertime t o  have about 
1/2 t he  p r e c i p i t a l  water vapor overhead as does Jungfraujoch, thus appar-  
e n t l y  making it an i d e a l  I R  observatory s i t e .  

Harold Johnson and R. I. Mi tche l l  (1962) have worked on an in f r a red  
photometry program using a photometer of t h e i r  own design. 
metr ic  observations i n  nine wavelength bands ranging from 0.35 t o  5 p. Their  
observat ions were automatical ly  recorded on a punched paper tape  along with 
the  da t a  necessary t o  reduce them. They have w r i t t e n  complete programs f o r  a 
CDC 1609 and an IBM 7090 and have reduced 3,000 observat ions.  

They made photo- 

I n  a d d i t i o n  t o  t h e  photometry done a t  McDonald Observatory and K i t t  Peak, 
Johnson has done i n f r a r e d  photometry, beginning March 1963, a t  the  Mexican 
Nat ional  Observatory a t  Tonantzintla,  Mexico. From t h i s  loca t ion ,  he w a s  
a b l e  t o  extend h i s  observat ions t o  -50' dec l ina t ion .  
he may extend these  observat ions t o  -65' by going t o  Chile.  
i s  t o  measure 1,000 of t he  b r i g h t e s t  stars i n  nine co lo r s .  

Later  it is  hoped t h a t  
The p resen t  goa l  

The photometry has been done with a U, By V, R, I, instrument and a J, 
K, L, M, instrument.  The e f f e c t i v e  wavelength of each band as we l l  as a f e w  
l i m i t i n g  magnitudes i s  as fol lows:  

3 



I 
Limiting magnitude 

Detector Band des igna t ion  Ef fec t ive  wavelength 82-inch te lescope  
RCA 1P21 U 0.35 microns 
photo - B 
mu It i p  l i e  r v 

ITT FW-118 R 
I 

.44 
55 

* 70 
.88 

PbS J 1.25 

L 3.6 
I( 2.20 

R = 18 

K = 5.5 

InSb M 5 . 0  

Johnson (1962) and Johnson and Mi tche l l  (1963) have repor ted  on observa- 
t i o n s  o f  over 50 stars. Their  r e s u l t s ,  i n  general ,  show r e l a t i v e l y  good 
agreement between the  r a d i a t i o n  from t h e  stars observed and black-body r a d i a -  
t i o n .  Giants provide t h e  c l o s e s t  agreement. 
puted e f f e c t i v e  s t e l l a r  temperatures and bolometric co r rec t ions .  
temperatures are s l i g h t l y  h igher  than  those prev ious ly  determined. 
was discovered t h a t  dwarf stars have a l a r g e r  bolometr ic  co r rec t ion  than  
g ian ts ,poss ib ly  because of t h e  excess r a d i a t i o n  i n  the  1 p 
it was found t h a t  (K-M) f o r  G,  K, and e a r l y  M S t a r s  is e s s e n t i a l l y  independ- 
e n t  of (B-V) .  

From h i s  d a t a  Johnson has com- 
H i s  

Also it 

A t  5 p region.  

I n  add i t ion  t o  t h e  s t e l l a r  measurements Johnson and Meinel (1964) have 
made an in f r a red  measurement of M-31 i n  t h e  I and K bands. They found f o r  
t h e  nucleus t h a t  t h e  ( I - K )  co lo r  agrees  c l o s e l y  wi th  t h e  co lo r  of I11 and 
MO I11 stars b u t  t h a t  t h e  (B-V) index d i d  not  agree wi th  t h e  i n f r a r e d  index. 

In  our own galaxy Johnson and J. Borgmn of t h e  Netherlands have c o l l a b -  
ora ted  on a s tudy soon t o  be reported,  i n  which t h e  i n f r a r e d  s t e l l a r  photo- 
metr ic  measurements a r e  used t o  determine t h e  absolu te  i n t e r s t e l l a r  absorp t ion  
a t  various wavelengths. 
t o  have found a v a r i a t i o n  i n  t h e  r a t i o  of visual  absorp t ion  t o  c o l o r  excess 
from 3 ( i n  most reg ions)  t o  7 ( i n  t h e  Orion Nebula). This i nd ica t e s  t h e  
importance of paying c a r e f u l  a t t e n t i o n  t o  t h e  reddening parameter when t h e  
d is tance  of reddened s t a r s  and c l u s t e r s  i s  being determined. 

A s  repor ted  by Borgman (1963) a t  Leige, they  appear 

Johnson has made an ex tens ive  sea rch  f o r  any g a i n  which can be r e a l i z e d  
i n  the  s e n s i t i v i t y  of i n f r a r e d  d e t e c t o r s .  
f i l t e r  and s h i e l d  cool ing,  choppers, p reampl i f ie rs ,and  cryogenic devices .  
He present ly  has a PbS d e t e c t o r  t h a t  i s  reputed t o  have a noise  equiva len t  
power of w a t t s .  However, a l though he has s t a t e d  t h a t  much valuable  
work can be done i n  t he  atmospheric windows, a t  t h e  p r e s e n t  time he f e e l s  
he i s  only approaching t h e  p o t e n t i a l  of h i s  d e t e c t o r s  w i th in  a f a c t o r  of 10 
t o  100 because ol' atmospheric no ise .  

He has experimented wi th  de tec tors ,  

4 
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Besides t h e  photometry i n  the  U through M s p e c t r a l  region,  photometric 
measurements wi th  the  21-inch te lescope at the Cata l ina  s t a t i o n  and t h e  
82-inch te lescope  a t  McDonald have been made in  t h e  10 p 
urements have been made using a gallium-doped germanium bolometer developed 
by Frank Low, a t  the  Texas Instrument Corporation, before  going t o  t h e  Lunar 
and Plane tary  Laboratory. Besides t h e  stars, bolometric observat ions have 
been made of Mars, J u p i t e r ,  Saturn,  and the  dark side of t h e  Moon. Severa l  
stars have been observed i n  common wi th  those measured by Murray and Wildey 
using a mercury-doped germanium de tec to r .  However, t h e  measurements are n o t  
a l l  i n  agreement. Johnson and Low have been ab le  t o  a t t a i n  a degree of sky 
cance l l a t ion  of 1 p a r t  i n  io5. 

region. These meas- 

Using a g r a t i n g  spectrometer adapted f rom one b u i l t  by Leon Salanave, 
Kuiper (1962b) has obtained some of t he  highest  r e s o l u t i o n  spec t r a  of Venus 
and stars t o  da te .  me instrument,  an n e r t  type with a f o c a l  length  of 
60 em, has two 600 l i n e  p e r  mm gra t ings ,  blazed a t  1.6 and 2.0 p and two 
300 l i n e  p e r  mm g ra t ings ,  b lazed  a t  3.0 and 4 p. 
i s  used as the de tec to r .  R u n s  were made a t  K i t t  Peak w i t h  r e so lu t ions  of 
about TOO and 250 and a run w a s  made a t  McDonald wi th  r e so lu t ions  of 1500 and 
800. 
McDonald s p e c t r a  with luna r  spec t ra .  From the Venus curves an abundance of 
2 k m - a t m  of C02  w a s  determined f o r  t h e  phase of t h e  observat ions.  
dance r a t i o s  of C13/C12 and 0 l 8 / O l 6  were e s t ab l i shed  as being the  same as 
t h a t  f o r  t h e  Ear th  t o  an accuracy of t 2 0  percent .  Although a temperature 
determinat ion has not  been completed f o r  the C02 h o t  bands, t h e  s p e c t r a  
c l e a r l y  ind ica t e  a temperature h o t t e r  than the 300' K bands of t h e  l abora to ry  
spec t r a .  Also an upper l i m i t  of CO w a s  placed a t  10 em-atm. The s t e l l a r  
spec t r a  obtained by Kuiper are of t h e  same high q u a l i t y  as h i s  p l ane ta ry  
material. Most of th i s  work i s  t o  be reported a t  a la te r  da te .  However, two 
unknown bands were found on Alpha Orionis a t  1.6 and 2.7 p which have t e n t a -  
t i v e l y  been i d e n t i f i e d  by A. Meinel as the  ground s t a t e  ro t a t ion -v ib ra t ion  
bands of CO (Kuiper, 1962b). Also,  low re so lu t ion  spectroscopic  observat ions 
of Omicron C e t i  e x h i b i t  s t rong  broad absorpt ion bands loca ted  i n  the 1 . 4  and 
1.86 p These bands have been a t t r i b u t e d  t o  
"hot" water vapor (Kuiper, 1963). 

A dry- ice  cooled PbS c e l l  

The K i t t  Peak s p e c t r a  were compared with matching s o l a r  runs and t h e  

The abun- 

t e r r e s t r i a l  water vapor regions.  

A new spectrometer  i s  being constructed f o r  use on the  84-inch te lescope  
which should be ab le  t o  reso lve  the  r o t a t i o n a l  l i n e s  i n  s t e l l a r  and p l ane ta ry  
bands. The design goa l  for t h i s  instrument has been a r e s o l u t i o n  of 10,000 
a t  2 p. 

Concurrent with t h e  astronomical  observat ions labora tory  s t u d i e s  have 
been c a r r i e d  on wi th  a 2-meter mul t ip le  re f lec t ion-absorp t ion  c e l l  on loan  
from the Canadian Research Council (pa th  lengths  up t o  80  meters). 
r e c e n t l y  a 22-meter c e l l  (pa th  lengths  up t o  4 km and pressures  of 8 atmos- 
phe res )  has been i n s t a l l e d  i n  t h e  new Lunar and Plane tary  Laboratory. 
t h e  d i r e c t i o n  of  A. Meinel a program has been undertaken t o  s tudy flame and 
a r c  s p e c t r a  of oxides and hydrides.  The purpose of t h i s  program i s  t o  he lp  
i d e n t i f y  many of t h e  features observed i n  s t e l l a r  spec t r a .  

More 

Under 
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The Lunar and Planetary Laboratories have a l s o  begun an in f r a red  ba l loon  
program. 
absorption c h a r a c t e r i s t i c s  of t he  Earth's atmosphere were checked. 
f l i g h t s  a r e  planned f o r  t h e  purpose of making astronomical observat ions.  

On a successfu l  f l i g h t  t o  85,000 f e e t  i n  October 1963 the  i n f r a r e d  
Later  

I n s t i t u t  d'Astrophysique (Belgium) and 
National Physics Laboratory (England) 

Gebbie (England), Delboui l le r  ( B e l g i m )  , and Roland (Belgium) have been 
t h e  main proponents of t h e  use of in te r fe rometr ic  techniques t o  obta in  a s t r o -  
nomical spec t ra .  Although Michelson (1927 ) w a s  t he  f i r s t  t o  recognize t h a t  
one could obta in  spec t r a  by t h e  use of an in te r fe rometer ,  it was not u n t i l  
Fe lge t t  (1954) pointed out  t he  advantages of an in te r fe rometer  spectrometer 
f o r  the suppression of de t ec to r  noise  t h a t  i nves t iga to r s  r ea l i zed  the  poten-  
t i a l  of such an instrument.  
background l imi ted  one could expect an increase i n  the  s e n s i t i v i t y  of an 
interferometer  spectrometer over a conventional spectrometer by a f a c t o r  of 
f i  where N i s  t h e  number of s p e c t r a l  elements resolved by e i t h e r  spectrom- 
e t e r .  This advantage i s  r e fe r r ed  t o  as F e l g e t t ' s  advantage. (For de t ec to r s  
which a r e  background l imi ted ,  F e l g e t t ' s  advantage does not  e x i s t . )  Another 
advantage t h a t  an in te r fe rometer  spectrometer has  over a s l i t  type spectrom- 
e t e r  i s  a l a r g e r  acceptance cone so t h a t  it o f t e n  can accept  a l l  t he  r a d i a -  
t i o n  inc ident  upon it from an extended source. In p r a c t i c e  an interferogram 
obtained from t h e  in te r fe rometer  i s  converted t o  a spectrogram by means of 
a Fourier t ransformation.  This t ransformation may be  performed with an 
analog spectrum analyzer .  
t i o n  is made by a d i g i t a l  computer. 
gains expected f o r  an in te r fe rometer  spectrometer have been r e a l i z e d  (Gebbie, 
e t  al. ,  1961, Lowenstein, 1960). 
astronomical appl ica t ions  has not  been e n t i r e l y  successfu l .  
have been the  f i rs t  t o  obta in  any quant i ty  of as t ronomical  da t a .  
e t  a l . ,  (1962) used a cooled PbS c e l l  t o  ob ta in  a spectrum of Venus out  t o  
3 1-1. The spec t r a  obtained do not  have the  r e so lu t ion  expected and they have 
seve ra l  extraneous absorpt ion l i n e s .  
e t  al . ,  obtained more spec t r a  of Venus a t  Lick Observatory wi th  t h e  120-inch 
r e f l e c t o r  bu t  these  have not  been published. 

F e l g e t t  pointed out  t h a t  i f  a de tec to r  i s  not 

When high r e so lu t ion  i s  required,  t he  transforma- 
It appears t h a t  i n  the  labora tory  t h e  

However, t he  use of an in te r fe rometer  f o r  
Gebbie, e t  a l . ,  

Gebbie, 

During t h e  summer of 1962, Gebbie, 

The f a i l u r e  of interferometry t o  l i v e  up t o  i t s  expec ta t ion  i n  astronomy 
a . p p e 9 ~ ~  t,o d1-1.~ p a r t i d l y  t c  t h e  c c q l c x i t j ;  of l ;uilding an adequate li?tei-- 
ferometer and p a r t i a l l y  t o  the  i n t e r p r e t a t i o n  of how extraneous d a t a  e f f e c t s  
i n  an interferogram a r e  transformed when a spectrum i s  reconstructed.  
construct ing an in te r fe rometer  of t h e  Michelson type,  it has proved very 
d i f f i c u l t  t o  develop a l i n e a r  d r i v e  f o r  t h e  mir ror  and t o  keep the  l i g h t  
beams p a r a l l e l  during the  m i r r o r ' s  displacement. 
ea r i ty  problem i s  t o  monitor a monochromatic l i g h t  source in t e r f e romet r i ca l ly  
while making an interferogram i n  order  t o  ob ta in  an e r r o r  s igna l .  
cubes have a l s o  been used t o  make t h e  two i n t e r f e r i n g  beams p a r a l l e l .  Some 
of the th ings  t h a t  a f f e c t  a spectrum a r e  (1) n o n i n f i n i t e  scans,  ( 2 )  t h e  

I n  

One approach t o  t h e  l i n -  

Corner 
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. I  . 
varying wavelength response and lack of intensity linearity of detectors, 
(3) source and system noise, (4) loss of signal as a result of poor pointing, 
insufficient sampling, or fluctuations in the absorbing media between the 
source and the instrument. A l l  of these items affect the wavelength and 
intensity of a spectrum transformed from an interferogram. Sky noises caused 
by moist air masses probably have the most disturbing effect on spectra. 
is for this reason that the use of interferometers for astronomical spectros- 
copy may be limited to use outside the Earth's atmosphere. 

It 

Lowell Observatory 

Sinton (1963) is one of the earliest investigators in modern infrared 

He used an Ebert grating 

More recently Sinton (1962) 

astronomy. 
200-inch reflector at Mount Palomar around 1954. 
type monochromator with a resolution of 125 and a Golay cell detector. 
observations were made in the 8-14 p 
has obtained spectra (resolution less than 200) of the planets and stars using 
a LiF, Littrow-mounted prism spectrometer on the Lowell 42-inch reflector 
with a cooled, 77' K, lead sulphide cell. The noise equivalent power achieved 
at 3.75 p was watts. The spectra of Venus revealed the presence of 
both CO and C02 in the planet's atmosphere. 

He obtained medium resolution spectra of Venus and Mars using the 

The 
region. 

As mentioned before, one of the drawbacks to spectroscopy performed with 
an interferometer is that sky noise affects the entire transformed spectra. 
In the conventional case, the noise affects only a localized portion of the 
spectra and its effect can be identified. However, in the case of a trans- 
formed spectra, any fluctuation in the optical path between the source and 
the instrument affects the wavelength and intensity representation of the 
entire spectra. In order to detect this sky noise and to use the error 
signal derived from it to compensate for the error, Dr. Sinton is construct- 
ing an ingenious polarizing interferometer which is very similar to a single 
element Lyott filter. It consists of a polarizer, two stacked crystal 
wedges, one fixed and the other movable, a rutile bias plate and a rutile 
Wollaston prism. Rutile is used throughout the instrument because of its 
high birefringence and its good transmission properties. 
and extraordinary ray of a beam of light which is incident on the instrument 
go to two separate detectors. A scan is performed by slowly translating the 
movable crystal wedge to change the retardation of the light passing through 
the polarizer. Consequently, varying interference patterns appear at each 
detector. An instrument such as described is very sensitive to a change in 
phase of the incoming light. A ratio may be taken of the difference divided 
by the sum of the intensity of the ordinary ray and the extraordinary ray. 
If some change occurs in the optical path between the source and the instru- 
ment, this ratio will change. The interferometric data are handled in the 
same manner as the data from conventional interferometers. This type of 
instrument should be very useful for obtaining spectroscopic information from 
weak astronomical sources. It should provide Felgett's advantage and the 
aperture advantage, and it should be able to discern and make appropriate 
corrections for seeing fluctuations. Also, it should be less sensitive 

The ordinary ray 
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t o  temperature f l u c t u a t i o n s  and w i l l  no t  have most of t h e  mechanical problems 
of a Michelson type instrument.  Present ly  the  instrument i s  i n  t h e  f i n a l  
s tages  of cons t ruc t ion  and adjustment.  

Ca l i fo rn ia  I n s t i t u t e  of Technology 

The only astronomical  observat ions made i n  t h e  8-14 p window u n t i l  
r ecen t ly  were those prev ious ly  mentioned by Sinton.  
p a r t i c u l a r l y  i n t e r e s t i n g  t o  p la r ie to logis t s  because it is  here  t h a t  emission 
spec t ra  from the  var ious p l a n e t s  may be expected. Unfortunately,  t h i s  i s  
a l s o  the  region of s t ronges t  emission by t h e  E a r t h ' s  atmosphere. The e m i s -  
s i on  from the  Ea r th ' s  atmosphere may be many times g r e a t e r  than  t h a t  from 
astronomical ob jec t s .  Also, t h e  te lescope  and photometer components w i th in  
the  f i e l d  of view are in tense  sources of r a d i a t i o n .  Bruce Murray and h i s  
assoc ia tes  have constructed a dual-beam i n f r a r e d  te lescope  photometer which 
incorporated the  l a t e s t  technology t o  ob ta in  measurements of t h e  Moon, 
p lane ts ,  and s e v e r a l  stars i n  t h i s  s p e c t r a l  region.  

This s p e c t r a l  region i s  

To reduce t h e  emission from t h e  te lescope ,  t he  r e f l e c t i n g  elements were 
gold coated. 
along with a f i e l d  l ens  a t tached  t o  the  d e t e c t o r  h e a t  s ink .  
photoconductive mercury-doped germanium, w a s  cooled with l i q u i d  hydrogen. 
The s p e c t r a l  bandpass of t h e  photometer w a s  se t  by t h e  response curve of t h e  
de t ec to r  on the  long wavelength end and by an  in t e r f e rence  f i l t e r  on t h e  
s h o r t  wavelength s i d e .  The desc r ip t ion  of t h e  ins t rumenta t ion  i s  given by 
Westphal, e t  a l .  (1963).  

Then t h e  f i e l d  of view of t h e  d e t e c t o r  w a s  def ined by ape r tu re s  
The d e t e c t o r ,  

The background r a d i a t i o n  i s  balanced ou t  by a l t e r n a t e l y  looking a t  back- 
ground p lus  ob jec t  and background minus ob jec t  and then  processing t h e  s i g n a l s  
by means of a s p e c i a l  au tocor re l a t ion  and synchronous r e c t i f i c a t i o n  network. 
With t h i s  arrangement a noise  equiva len t  power of 2 ~ 1 0 - l ~  w a t t s  w a s  achieved. 
This allowed a minimum de tec t ab le  temperature of about 105' K t o  be measured 
under good condi t ions .  

The equipment descr ibed w a s  i n s t a l l e d  i n  an  observatory a t  12,800 f ee t  
on White Mountain near  Big Pine,  Ca l i fo rn ia ,  t o  reduce the  e f f e c t s  of atmos- 
pher ic  moisture.  Observations of J u p i t e r  were obtained wi th  a s i g n a l - t o -  
no ise  r a t i o  of 10 (Murray and Wildey, 1963a). The mean temperature w a s  
128O K with a st,a.nrlwC? d e v h t i s r :  cf 2.3O IC. KO s i g n a i s  were obtained for 
Saturn,  t he re fo re ,  it w a s  assumed t h a t  i t s  temperature i s  less than  105' K. 

A t  White Mountain, Murray and Wildey (196313) scanned t h e  Moon i n  r i g h t  
ascension coincident  with t h e  luna r  equator ,  They measured temperatures of 
141' K, 133' K, 121' K, and 111' K af ter  approximately 6,  12,  24, and 48 hours, 
respec t ive ly ,  of' lunar  night t ime.  I n  a d d i t i o n  t o  determining t h e  cool ing 
curve,  they discovcrcd "hot spots"  while  they were scanning t h e  su r face .  They 
a t t r i b u t e d  t h e  "hot spots"  t o  su r face  regions of high thermal conduct iv i ty .  
They a l s o  de tec ted  Alpha Orionis wi th  t h e  photometer. This w a s  t h e  f i rs t  time 
such a n  ob jec t  had been de tec t ed  ou t s ide  of t h e  s o l a r  system i n  t h e  8-14 p 
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region.  
previous ca l cu la t ions  based on measurements a t  s h o r t e r  wavelengths. 

The f lux measured f o r  Alpha Orionis was about 2/5 t h a t  expected from 

Bruce Murray and o the r s  have made some measurements a t  Mount Wilson and 
Palomar with convent ional  aluminum-coated mirrors and have not found t h e  
r e s u l t s  t o  be t o o  d i f f e r e n t  from those  obtained with gold  mirrors  a t  White 
Mountain. This  i n d i c a t e s  t h a t  height i s  not t h e  only cons idera t ion  i n  choos- 
ing  a s i t e  f o r  a n  i n f r a r e d  observatory.  Using t h e  200-inch te lescope  a t  
Palomar with a liquid-hydrogen cooled, mercury-doped germanium photometer, 
Murray and Wildey ( 1 9 6 3 ~ ~  d)  and Wildey and Murray (1963a, b )  have obtained 
measurements on 25 stars, Venus, t h e  satel l i tes  of J u p i t e r  and t h e  Moon i n  
t h e  8-14 p, reg ion ,  
t h e  la tes t  star was X Cygni we. The l a r g e  Jovian satel l i tes ,  Ganymede and 
C a l l i s t o ,  appeared t o  be h o t t e r  than  JI and JII. Scans across  Venus with high 
s p a t i a l  r e s o l u t i o n  showed asymmetrical limb darkening. The same type  scans 
across  J u p i t e r  have not shown temperature v a r i a t i o n s  (Murray and Wildey, 
1964). 

The e a r l i e s t  stars measured were Beta Orionis  B 8  Ia and 

Robert Leighton, Guido Munch, and: Gerry Neugebauer are bui ld ing  an  f / l  
The method t o  be 60-inch t e l e scope  t o  use at Mount Wilson f o r  sky surveys. 

used w i l l  be similar t o  t h a t  o r ig ina t ed  by Freeman H a l l  of I. T.  T.  which i s  
descr ibed la ter .  They w i l l  use a broadband-pass f i l t e r  which w i l l  inc lude  
a l l  of t h e  1.89 p, The f i e l d  of view w i l l  be  approxi-  
mately 1-3 minutes of arc wi th  a n  accuracy i n  scan of tl minute i n  r i g h t  
ascension and k10 minutes i n  dec l ina t ion .  The scan i s  planned t o  be  
semiautomatic. 

atmospheric window. 

I n t e r n a t i o n a l  Telephone and Telegraph Corporation (Federal  Laborator ies)  

Freeman H a l l  (1961, 1963) has used a radiometer o r i g i n a l l y  developed 
t o  measure i n f r a r e d  r a d i a t i o n  emit ted and r e f l e c t e d  from a s a t e l l i t e  t o  de t e r -  
mine t h e  PbS magnitude of a group of stars and t o  perform a sky survey ( H a l l  
and S tan ley ,  1962).  
photometer a t t ached  t o  a 20-inch ape r tu re  Newtonian te lescope .  The f i e l d  
a p e r t u r e  w a s  1/4" x 1 / 4 O ,  wi th  a copper r e t i c l e  g iv ing  space f i l t e r i n g  of 
1167 waves per  rad ian .  

The instrument cons is ted  of a dry- ice  cooled PbS c e l l  

H a l l ,  e t  a l . ,  (1960) used t h i s  instrument t o  measure t h e  PbS magnitudes 
and PbS i r r a d i a n c e  of 40 stars and 4 planets .  
with those  obtained by F e l g e t t  (1951) and P e t t i t  and Nicholson (1922) and 
c a l c u l a t e d  by Larmore (1.956). 

The r e s u l t s  were t h e n  compared 

Hall 's measurements agreed q u i t e  w e l l  with those  made by F e l g e t t  using 
l e a d  sulphide.  Exact agreement was not expected because of t h e  d i f fe rences  
i n  t h e  temperature  of t h e  de t ec to r s  used i n  t h e  two programs and because of 
t h e  i n t e r n a l  i ncons i s t enc ie s  i n  F e l g e t t ' s  measurements. H a l l ' s  r e s u l t s  f o r  
t h e  h o t t e r  stars were genera l ly  i n  accord with t h e  measurements made by 
P e t t i t  and Nicholson using a bolometer; but t h e  l e a d  sulphide r e s u l t s  
u sua l ly  i n d i c a t e d  g r e a t e r  energy f o r  t h e  c l a s s  K and M stars.  The lack  of 
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agreement f o r  cooler  stars may poss ib ly  be accounted f o r  by t h e  increase  i n  
t ransmission (around 2 p)  
t o  blacken t h e i r  bolometer. 

of t h e  carbon b lack  t h a t  P e t t i t  and Nicholson used 

The i r rad iance  values  f o r  t h e  stars measured by H a l l  are 1.4 times 

The PbS co lo r  index observed w a s  
g r e a t e r  f o r  t he  h o t t e r  stars and 2 t o  4 times g r e a t e r  f o r  t h e  cooler  stars 
than  the values pred ic ted  by Larmore. 
compared with t h e  co lo r  index expected f o r  a b lack  body. The agreement w a s  
good except f o r  t he  stars MO or la ter ,  where t h e  PbS index w a s  g r e a t e r  than 
expected. Most of t hese  stars were va r i ab le s .  

From t h e  s t e l l a r  i r r ad iance  measurements it w a s  determined t h a t  stars 
i n  the  -2 t o  lmagn i tude  region produce an in t eg ra t ed  sky br ightness  of 
lX10-15 watts/cm2-deg2-p, while t he  stars i n  t h e  1 t o  3 magnitude region 
produce 3 ~ 1 0 - l ~  w a t t s  /em2 -deg2 -p. 

The i n t e r n a l  consis tency during a n i g h t ' s  observat ion w a s  0.07 magnitude 
wi th  n ight  t o  n ight  v a r i a t i o n  never g r e a t e r  than 0.12 magnitude. 
no ise- l imi ted  flux dens i ty  w a s  determined t o  be 9.OX1O- l5  watts/cm2 a t  t h e  
de t ec to r  peak. 
randomly varying i r rad iance  of 2 ~ 1 0 - ~  watts/cm from the  atmosphere i n  the  
2-6 IJ- 

The PbS c e l l  

Even with t h e  high degree of space f i l t e r i n g  employed, a 

region made it d i f f i c u l t  t o  reach c e l l  noise  l imi t ed  operat ion.  

The same instrument used t o  make the  s t e l l a r  i r r ad iance  measurements 
has been used more r ecen t ly  t o  perform a sky scan. 
by allowing t h e  stars t o  d r i f t  i n  r i g h t  ascension and a dec l ina t ion  scan w a s  
performed by nodding t h e  Newtonian Mirror  i n  t h e  te lescope .  
s t r i p  of t h e  sky had been scanned t h e  te lescope  w a s  r eo r i en ted  i n  dec l ina t ion  
and another s t r i p  w a s  scanned. 

The scan w a s  performed 

Af te r  a 2.5' 

Each area of t he  sky w a s  scanned s e v e r a l  t i m e s  and sources de tec ted  were 
descr ibed i n  terms of t h e  p r o b a b i l i t y  t h a t  a n  a c t u a l  de t ec t ion  w a s  made. 
Strong sources had a 100 pe rcen t  p r o b a b i l i t y  of de tec t ion ;  t h e  d e f i n i t e  
sources,  90 percent ;  t h e  probable ,  60 t o  70 percent ;  and t h e  poss ib l e ,  20 
t o  30 percent .  Eighteen percent  of t h e  sky w a s  surveyed. One s u r p r i s i n g  
r e s u l t  of t he  survey was t h a t  many extended sources  appear t o  have been 
discovered b u t  have not  been i d e n t i f i e d .  Also, 34 pe rcen t  of t h e  probable 
p o i n t  sources de tec ted  d id  no t  correspond t o  stars i n  t h e  Becvar Catalog or 
t he  Boss General Catalog. Eastman Kodak and Ohio S t a t e  Univers i ty  (EK/ARD 
EO-735, 1961) performed a survey i n  which they  p red ic t ed  t h e  i n f r a r e d  magni- 
tude of st.ars, nesr  ir,frz.rcd 5.9 iiiagiiiiucie or b r i g h t e r ,  on the  b a s i s  of 
black-body ex t rapola t ion .  
no t  detected by H a l l .  However, 2 1  stars were de tec ted ,  corresponding t o  a 
s t rong  or d e f i n i t e  de tec t ion ,  which w e r e  no t  on t h e  EK-OSU l i s t .  This 
ind ica tes  t he  danger of a t tempting t o  p r e d i c t  i n f r a r e d  magnitudes. Some of 
t h e  detected b u t  not  p red ic t ed  sources  may poss ib ly  be accounted f o r  as near  
stars with coo l  companions. Severa l  i n t e r e s t i n g  stars were discovered. Both 
K Se r  and ST Here showed l a r g e  i n t e n s i t y  f l u c t u a t i o n s ,  i nd ica t ing  t h e  p o s s i -  
b i l i t y  of i n f r a r e d  va r i ab le  stars.  

O f  t h e  46 stars common t o  t h e  two surveys,  19 were 
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A new s o l i d  aluminum te lescope  with a pol ished aluminum 24-inch f / 2  
primary is  near ing completion. This w i l l  be a 30-element mul t ip le  -channel 
device.  A no ise  equiva len t  power dens i ty  of watts/cm2 is a n t i c i p a t e d  
i n  the  1-3 p region.  The 30 de tec to r  elements w i l l  cover 1/2’ i n  dec l ina -  
t i o n  with a r e s o l u t i o n  of 1 minute of a r c .  It i s  hoped t h a t  space f i l t e r i n g  
w i l l  no t  be necessary.  When the  te lescope  is f in i shed ,  a sky mapping program 
similar t o  t h a t  performed i n  the  p a s t  w i l l  be attempted. 

Ohio S t a t e  Universi ty  and Eastman Kodak i 

Eastman Kodak, with t h e  Ohio S t a t e  Universi ty  as a subcontractor ,  con- 
t r a c t e d  wi th  t h e  Army t o  make a sky survey t o  measure t h e  radiance of a num- 
b e r  of stars t o  check t h e i r  agreement with a black-body model. 
S t a t e  Universi ty  work w a s  l a r g e l y  under the  d i r e c t i o n  of Walter E. 
Mitchel l ,  Jr., while William H. Haynie provided t h e  leadersh ip  f o r  Eastman 
Kodak. 
responded i n  t h e  fol lowing bands (EK/ARD ED-692, 1962).  

The Ohio 

A three-channel  i n f r a red  photometer w a s  developed by Kodak which 1 
- Band Wave l eng th  Detector  

X 2 .0  t o  2.4 p N-Type PbS (uncooled) 

Y 3.2 t o  4 .2  p P-Type (Plumbide) 
(cooled t o  l i q u i d  N2 temperature)  

Z 7.5 t o  13  p Copper -doped germanium 
( f l a t  response)  (cooled t o  l i q u i d  N e  temperature)  

The bandpass i s  determined by in t e r f e rence  f i l t e r s  and d e t e c t o r  
response. The Z band i s  s p l i t  by t h e  ozone absorp t ion  band. The photometer 
chopper i s  cons t ruc ted  s o  t h a t  t h e  de t ec to r s  look a l t e r n a t e l y  a t  t h e  sky and 
then t h e  star, a t  a rate of 480 cps. The output  i s  synchronously r e c t i f i e d  
and i n t e g r a t e d  f o r  times up t o  5 minutes. 
Perkin te lescope  was t h e o r e t i c a l l y  capable of de t ec t ing  an i r r ad iance  of 
7xlO-l’ watts/cm2 i n  t h e  3 t o  4 p 

The photometer with t h e  @-inch 

band. 

Approximately 70 stars were observed i n  t h e  X and Y bands and the  Sun, 
Moon, Mars, and Venus were observed i n  the Z band. The da ta  were reduced i n  
terms of magnitudes. Color indices  were then e s t ab l i shed  f o r  each s tar  as 
fol lows:  X . I .  = mv-mx and Y.I. = mv-my where mv, mx, and “y are t h e  
r e spec t ive  magnitudes i n  t h e  v i s i b l e  X and Y bands. P lo t s  were formed of 
co lo r  index versus temperature.  I n  both t h e  X band and Y band the  stars 
agreed w e l l  wi th  t h e  black-body curve except a t  t h e  lower s te l la r  temperatures 
where t h e  index w a s  g r e a t e r  than t h a t  expected f o r  a b lack  body. 
fe rence  i n  index occurs f o r  nonvariable as w e l l  as va r i ab le  stars although it 
i s  g r e a t e r  f o r  t h e  v a r i a b l e  stars. 
co lo r  i nd ices  f o r  low temperature stars was a l s o  noted by H a l l  as mentioned 
previous ly .  Another discrepancy observed w a s  t h a t  super  g i a n t s  a t  a l l  

The d i f -  

This discrepancy i n  PbS and black-body 
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temperatures always show a g r e a t e r  co lo r  index than t h e  ca l cu la t ed  black-body 
indices .  This s e e m  t o  ind ica t e  t h a t  t h e  super  g i a n t s  are emi t t ing  an excess 
of r ad ia t ion  i n  t h e  s p e c t r a l  bands measured. 

Three abnormal stars were discovered:  T Coronae Borea l i s ,  X Aquarii ,  
and E Aurigae. T CrB should have been 6 magnitudes above the  l i m i t  of t h e  
instrument,  b u t  it w a s  unobservable. 
had o ther  c h a r a c t e r i s t i c s  t h a t  d i s t inguished  it from the  conventional long 
per iod  var iab le .  
bo th  PbS bands. The observat ions of E Aurigae gave ind ica t ions  t h a t  i t s  
companion star,  an  i n f r a r e d  s tar ,  temperature 1350° K, w a s  de tec ted .  
r a i s e s  t h e  quest ion of how many o the r  stars of t h i s  type are loca ted  i n  our 
universe .  P h i l l i p  Barnhart  (1962) ca l cu la t ed  the  p o s s i b i l i t y  of discovering 
a p r o t o s t a r  i n  t h e  i n f r a r e d  and came t o  t h e  conclusion t h a t  it may be poss ib l e  
t o  observe an ind iv idua l  pre-Hertzprung-Russel diagram p r o t o s t a r  i n  a nearby 
young c l u s t e r  with a l a rge  te lescope .  WalterE.Mitchel1 (1961) has discussed 
p ro tos t a r s  and o the r  t op ic s  of i n t e r e s t  t o  i n f r a r e d  astronomy i n  a paper p r e -  
sen ted  a t  an informal i n f r a r e d  astronomy symposium a t  Johns Hopkins Univer- 
s i t y .  

This s tar ,  a l s o  known as a b l aze  s tar ,  

X Aquarii  w a s  over 2 magnitudes f a i n t e r  than  ca l cu la t ed  i n  

mis 

Recently t h e  69 -inch Perkins  ref l e c t o r  w a s  moved t o  Lowell Observatory 
a t  F lags t a f f ,  Arizona. 
channel I. R. photometry program similar t o  t h a t  conducted i n  t h e  p a s t .  The 
Perkins r e f l e c t o r  w i l l  be  used t o  supplement work being conducted on t h e  
32-inch Delaware r e f l e c t o r .  

This te lescope  is  being instrumented f o r  a t h r e e -  

A i r  Force Cambridge Research Center 

Russel l  Walker ( 1 3 6 2 ~ ~ )  has begun an extremely i n t e r e s t i n g  program i n  
in f r a red  astronomy. 
c e l e s t i a l  background f o r  m i l i t a r y  purposes.  Since,  according t o  t h e i r  c a l -  
cu la t ions ,  85 percent  of t h e  t o t a l  r a d i a t i o n  i n  any d i r e c t i o n  i n  t h e  galaxy 
comes f rom type K and M stars, the  i n f r a r e d  s p e c t r a l  region i s  very important. 
Walker (196213) has compiled a t a b l e  of black-body func t ions  p a r t i c u l a r l y  use-  
f u l  t o  astronomers a t tempting t o  determine t h e  t o t a l  r a d i a t i o n  from a s tar .  
I n  addi t ion ,  he has w r i t t e n  an a r t i c l e  on methods of convert ing var ious  
photometric measurement t o  radiometr ic  q u a n t i t i e s .  Using these  conversion 
techniques Walker has determined t h e  t o t a l  r a d i a t i o n  curves of 70 stars. 
These a re  a l l  of t h e  stars t h a t  ha .w  heen meieurcd p h s t o e l e c i r i c a i i y  i n  a t  
l e a s t  6 wavelength regions.  The energy curves have been compiled and w i l l  
soon be published. 
look a t  2 p. 

This program w a s  o r i g i n a l l y  undertaken t o  determine t h e  

Also he has computed a sky map showing how t h e  sky w i l l  

Walker has a l s o  obtained some t o t a l  energy curves of p l a n e t s  and stars 
using an interferometer .  
photometer which w i l l  be used t o  map t h e  sky a t  2.2 p. The instrument w i l l  
have a bandpass of 0.1 p. A meridional  scan w i l l  be  made by a l i n i n g  a 
2' x 1/4' f i e l d  s top  along t h e  meridian.  Only one d e t e c t o r  w i l l  be used and 
s p a t i a l  pos i t i on  w i l l  be determined by means of frequency and phase informa- 
t i o n  (assoc ia ted  with r a d i a t i o n  from t h e  s ta rs )  as imparted by a mul t ip le  

He i s  p r e s e n t l y  cons t ruc t ing  a PbS n i t rogen  cooled 
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segmented r e t i c l e  chopper. Simultaneous ex t inc t ion  measurements w i l l  be made 
using a separa te  te lescope  with a seven-channel photometer. 
channels along with fou r  in f r a red  channels w i l l  be provided.)  

(U ,  B, and V 

Russian In f r a red  Astronomy 

U. I. Moroz (1962) has obtained spec t r a  of Venus, J u p i t e r ,  and Saturn 
from 0.9 t o  2.5 p using t h e  50-inch telescope at Crimea. He used a lead  
sulphide d e t e c t o r  with r e so lu t ions  ranging from M0.002 p on Venus t o  
AA0.02 IJ. on Saturn. 

For Saturn he concludes t h e  r i n g s  a r e  covered wi th  f r o s t  o r  t h a t  t he  
p a r t i c l e s  c o n s i s t  of i c e ,  which i s  i n  agreement wi th  Kuiper. Also, h i s  
s p e c t r a  of J u p i t e r  agree we l l  with Kuiper's, b u t  f o r  Saturn he f i n d s  the  
NH3 abundance l e s s  than  20 em-atms. 

Moroz's Venus observations l e d  him t o  conclude t h a t  the i n f r a r e d  
spectrum does not  show depressions expected from i c e  c r y s t a l  r e f l e c t i o n s .  
This again agrees  with Kuiper, b u t  no t  w i t h  Sinton. 

Moroz (1960, 1961) has a l s o  scanned the g a l a c t i c  cen te r  and t h e  crab 
nebulae i n  t h e  PbS s p e c t r a l  region and made isophote maps. 

BALLOON ASTRONOMY 

Many advantages can be r e a l i z e d  by doing i n f r a r e d  astronomy from a 
ba l loon .  The most obvious advantage, of course, i s  the  reduction of atmos- 
phe r i c  absorp t ion .  Also,  image d i f f u s i o n  and f l u c t u a t i o n  due t o  atmospheric 
turbulence is  eliminated. This makes it poss ib le ,  i n  p r i n c i p l e ,  for a t e l e -  
scope t o  r e a l i z e  i t s  t h e o r e t i c a l  o p t i c a l  reso lu t ion .  This should permit  
improved s p a t i a l  r e so lu t ion ,  and t h e  reduced image s i z e  should r e s u l t  i n  an 
improved s i g n a l - t o  -noise r a t i o .  

Ear ly  ba l loon  astronomical  f l i g h t s  depended upon an observer t o  guide 
t h e  instruments;  however, it w a s  soon found t h a t  t h e  observer ' s  movements 
were de t r imen ta l  t o  t h e  po in t ing  process and t h a t  h i s  weight could b e t t e r  be 
replaced by guidance and c o n t r o l  instrumentation. The most advanced ba l loon  
system a t  t h e  p re sen t  time weighs 6,000 pounds, and has a c e i l i n g  of 80,000 
f e e t .  It is  doubt fu l  t h a t  balloons of t h i s  weight w i l l  soon exceed t h i s  
a l t i t u d e .  

A t  ba l loon  a l t i t u d e  one i s  above most of t h e  water  vapor which has been 
f rozen  out .  However, t h e  ba l loon  depends upon an atmosphere f o r  i t s  support  
and t h e r e  a r e  o t h e r  cons t i t uen t s  a t  t h i s  a l t i t u d e .  Ozone i s  above t h e  b a l -  
loon which prec ludes  observations i n  t h e  u l t r a v i o l e t  and at  4.7, 9.6, and 
from 13 t o  15 p. CO,, CO, and N20 a r e  s t i l l  p re sen t  a t  bal loon a l t i t u d e ,  
a l though t h e i r  absorp t ion  bandwidths a r e  considerably reduced by t h e  



reduct ion i n  pressure .  
distended t h a t  observat ions are r e s t r i c t e d  t o  t h e  angle  between t h e  horizon 
and within 30' of t h e  zeni th .  
a l t i t u d e  may be reduced by making observat ions through long-s lan t  pa ths .  
add i t ion  t o  t h e  absorp t ion  a t  ba l loon  a l t i t u d e ,  one may expect t he  OH emission 
t h a t  i s  observed as nightglow from t h e  ground. 

When bal loons reach a l t i t u d e  they  a r e  usua l ly  s o  

Thus, some of t h e  advantages gained a t  ba l loon  
I n  

Johns Hopkins Univers i ty  

John Strong (1961a, 1962) was one of t h e  f i r s t  persons t o  use ba l loons  
H i s  f i r s t  f l i g h t ,  which w a s  supported by ONR-NSF, 
The purpose of t h e  f l i g h t  w a s  t o  measure t h e  water 

The f l i g h t  had been preceded by ca re -  

f o r  i n f r a red  astronomy. 
occurred November 1959. 
vapor content of t h e  Venus atmosphere. 
f u l  planning f o r  a Mars f l i g h t  t h e  previous year  which w a s  no t  flown because 
of t h e  rupture  of the  bal loon.  
Schmidt te lescope,  12-inch e f f e c t i v e  diameter,  mounted on top  of t h e  N a v y  
Strato-Lab wi th  a Czerny-Turner spectrometer.  The d e t e c t o r  used w a s  PbS wi th  
14 e x i t  s l i t s  a t  t h e  p o s i t i o n s  of t h e  water vapor l i n e s  i n  t h e  1.13 p 
band. 
p a r t i c u l a r  s l i t  arrangement w a s  suggested by W i l l i a m  S. Benedict. 

The instrumentat ion cons is ted  of a 16-inch 

water 
Multiple s l i t s  provided an  increase  i n  f lux and s e n s i t i v i t y . *  The 

I n  the 1959 f l i g h t ,  no conclusive evidence w a s  der ived as t o  t h e  amount 
of water vapor on Venus. 
observations because of t h e  swaying of t h e  gondola, ( b )  on t h e  f a c t  t h a t  t h e  
Moon w a s  no t  ava i l ab le  f o r  monitoring r e s i d u a l  water vapor i n  t h e  E a r t h ' s  
atmosphere, and ( e )  on the  l a c k  of information concerning t h e  Venus atmos- 
phe r i c  pressure needed t o  i n t e r p r e t  t h e  d a t a  obtained. 

This has been blamed ( a )  on t h e  d i f f i c u l t y  of making 

The Johns Hopkins Universi ty  Laboratory of Astrophysics and Phys ica l  
Meteorology has a cont inuing program of high a l t i t u d e  i n f r a r e d  as t rophys ics .  
Their  te lescope is  now equipped wi th  automatic a c q u i s i t i o n .  
w a s  flown on May 4, 1963 wi th  a mylar scr im ba l loon  b u t  t h e  mission aborted,  
as the  r e s u l t  of a f a u l t y  high-vol tage connection. On a second at tempt  on 
May 10, the ba l loon  (polyethylene)  f a i l e d  a t  t h e  tropopause.  
has been improved and i s  being readied f o r  another  t r y ,  on t h e  Venus water 
observations,  i n  t h e  Spring of 1964. Coarse guidance i s  provided by a s o l a r  
sensor,  s ince daytime f l i g h t s  i n  t h e  i n f r a r e d  a r e  p r a c t i c a l .  
gondolas, each with a te lescope  and spectrometer,  w i l l  be provided. 

This equipment 

The equipment 

Two i d e n t i c a l  

The h igh -a l t i t ude  astronomy program of Johns Hopkins has been ou t l ined  
by Strong (1961b). Other spectroscopic  i n v e s t i g a t i o n s  are planned, including 
high r e so lu t ion  spec t r a  of t h e  Sun, and low r e s o l u t i o n  emission spec t r a  of 
Mars and Venus i n  t h e  i n f r a r e d  out  t o  
s l i t s  as used f o r  Venus w i l l  be used f o r  t h e  de t ec t ion  of water vapor on Mars. 

A > 40 p. I n  l a te r  f l i g h t s  mul t ip l e  

*Currently JHU i s  using 23 s l i t s  i n  t h e  1 .13  p band. Later they  p l an  
t o  work with o the r  bands, f a r t h e r  i n  t h e  in f r a red ,  us ing  helium-cooled photo- 
conduction de tec to r s .  
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Univers i ty  of Cal i forn ia  (Space Science Laboratory) 

Harold Weaver received a con t r ac t  from NASA t o  instrument S t ra toscope  I1 
wi th  an  i n f r a r e d  spectrometer t o  ob ta in  spectroscopic  da t a  from Mars during 
t h e  1963 opposi t ion.  

P ro jec t  S t ra toscope  is  under t h e  d i r e c t i o n  of Martin Schwarzschild (1962) 
a t  Princeton Universi ty .  It is sponsored by NSF, ONR, and NASA. Stratoscope 
w a s  conceived as a p r o j e c t  t o  ob ta in  high r e so lu t ion  astronomical photographs. 
Perkin-Elmer b u i l t  t he  system f o r  bo th  Stratoscope I and 11. The S t r a t o -  
scope I1 system cons i s t s  of a te lescope  with a 400 pound, 36-inch primary 
mir ror  capable of photographic r e s o l u t i o n  of 0 .1  second of a rc ,  and a 
40-channel command and a 64-channel te lemetry system which i s  designed t o  
provide a remote c o n t r o l  guidance t r ack ing  system with an accuracy of 0.02 
seconds of a r c .  Stratoscope I1 uses a 5,250,000 cubic f o o t  ba l loon  t o  c a r r y  
t h e  6,000 pound payload t o  an a l t i t u d e  of 80,000 f e e t .  

A spectroscopic  f l i g h t  w a s  flown March 1, 1963. The photographic o p t i -  
c a l  conf igura t ion  was modified t o  d i r e c t  i n f r a red  r a d i a t i o n  t o  a Wadsworth- 
mounted f l u o r i t e  prism spectrometer.  The de tec to r  used w a s  a newly developed 

wi th  l i q u i d  helium and it operated a t  a temperature of 1.5' K. 
equiva len t  power achieved a t  bal loon a l t i t u d e  w a s  around w a t t s .  The 
s p e c t r a l  reg ion  covered w a s  from 1 t o  7 IJ- with a r e so lu t ion  of 0.02 p a t  
3 1-1. Severa l  d i f f i c u l t i e s  were encountered during t h e  f i rs t  f l i g h t .  Tele-  
v i s i o n  cameras used f o r  guidance were inopera t ive  during much of t h e . f l i g h t .  
In t e r f e rence  wi th  t h e  t ransmi t ted  s p e c t r a l  da t a  was caused by t h e  command 
te lemeter ing  system. It had been planned t o  monitor t he  Moon and c e r t a i n  
stars b u t  t h e  instrument could not  be made t o  t r a c k  t h e  Moon. Mars w a s  
observed for 16 minutes. Data from the  f l i g h t  ind ica ted  that water vapor i n  
the  mart ian atmosphere was less than 0.004 and probably less than  0 . 0 0 1 t h a t  
of t h e  E a r t h ' s  atmosphere. 

~ 

I gallium-doped germanium bolometer (Low, 1961). It required a D e w a r  f i l l e d  
The noise  

Donald Rea (1963) and Rea and Welch (1964) a t  t h e  Space Science Labora- 
t o r y  have w r i t t e n  two comprehensive review a r t i c l e s  on p lane tary ,  molecular 
spectroscopy, and emission and r e f l e c t i o n  from p lane ta ry  sur faces  which d e a l  
l a r g e l y  wi th  t h e  i n f r a r e d  s p e c t r a l  region.  

Pr inceton Universi ty  

A S t ra toscope  I1 bal loon f l i g h t  t o  perform in f r a red  spectroscopy of 
This f l i g h t  w a s  e n t i r e l y  stars and p l a n e t s  w a s  flown November 26, 1963. 

under t h e  d i r e c t i o n  of Martin Schwarzschild (1964). 
observed, Aldebaran, Betelgeuse,  Mira, Mu Cephei, Mu Geminorum, R Leonis, 
and Rho P e r s e i .  Strong absorpt ion bands were observed on J u p i t e r  and t h e  
stars. The m o u n t  of r e s i d u a l  water vapor i n  t h e  atmosphere w a s  monitored 
by observa t ions  of S i r i u s  and t h e  Moon. 

Seven red  g i a n t s  were 



J 

J 

CONCLUDING REMARKS 

This review has ind ica ted  t h a t  u s e f u l  b u t  r e s t r i c t e d  i n f r a r e d  astronomy 
may be done from t h e  ground. 
i n f r a red  astronomy can be  realized, r e sea rch  i s  requi red  t o  determine t h e  
loca t ion  requirements of an i d e a l  observing s i t e .  A t  t h e  present  t i m e  it i s  
hard t o  def ine  these  requirements because t h e  source of sky noise  i s  not  
known. 
f l i g h t  r e s t r i c t i o n  and complexities t h e i r  e f f ec t iveness  t o  da t e  has not  been 
completely determined. 

However, before  t h e  p o t e n t i a l  of ground-based 

I n f r a r e d  astronomy has been attempted from bal loons,  b u t  because of 

The area of g r e a t e s t  progress  i n  t h e  i n f r a r e d  has been photometry i n  t h e  
atmospheric windows. By means of photometry t h e  temperature,  co lo r  index, 
bolometric cor rec t ions ,  and t h e  v a r i a b i l i t y  of s eve ra l  c l a s s e s  of stars have 
been s tudied .  Because of t h e  g r e a t e r  complexity of instrumentat ion required,  
spectroscopy has not advanced as f a s t .  However, it has been shown t h a t  under 
c e r t a i n  condi t ions r e l a t i v e l y  high r e so lu t ion  s te l la r  s p e c t r a  can be obtained.  

Ames Research Center 
Nat ional  Aeronautics and Space Administration 

Moffett  F i e ld ,  Calif ., Apr i l  20, 1964 
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